ABSTRACT Although many experiments have been conducted to clarify the response of broiler chickens to light-emitting diode (LED) light, those published results do not provide a solid scientific basis for quantifying the response of broiler chickens. This study used a meta-analysis to establish light spectral models of broiler chickens. The results indicated that 455 to 495 nm blue LED light produced the greatest positive response in body weight by 10.66% (BW; P < 0.001) and 515 to 560 nm green LED light increased BW by 6.27% (P < 0.001) when compared with white light. Regression showed that the wavelength (455 to 660 nm) was negatively related to BW change of birds, with a decrease of about 4.9% BW for each 100 nm increase in wavelength (P = 0.002). Further analysis suggested that a combination of the two beneficial light sources caused a synergistic effect. BW was further increased in birds transferred either from green LED light to blue LED light (17.23%; P < 0.001) or from blue LED light to green LED light (17.52%; P < 0.001). Moreover, birds raised with a mixture of green and blue LED light showed a greater BW promotion (10.66%; P < 0.001) than those raised with green LED light (6.27%). A subgroup analysis indicated that BW response to monochromatic LED light was significant regardless of the genetic strain, sex, control light sources, light intensity and regime of LED light, environmental temperature, and dietary ME and CP (P > 0.05). However, there was an interaction between the FCR response to monochromatic LED light with those covariant factors (P < 0.05). Additionally, green and yellow LED light played a role in affecting the meat color, quality, and nutrition of broiler chickens. The results indicate that the optimal ratio of green × blue of mixed LED light or shift to green-blue of combined LED light may produce the optimized production performance, whereas the optimal ratio of green/yellow of mixed or combined LED light may result in the optimized meat quality.
INTRODUCTION
Environmental manipulation is an effective means to improve poultry production and welfare (Riber et al., 2018; Rodrigues et al., 2017) . Among those environmental factors, light plays a vital role in affecting chicken production. Chickens have highly specialized visual systems (Prescott et al., 2003) and possess five cones (Kram et al., 2010) . Colored light prevails in the modern broiler industry, including incandescent (Wells, 1971) , fluorescent (Wabeck and Skoglund, 1974) , UV (Coleman et al., 1977) , commercial colored (Proudfoot and Sefton, 1978) , filtered-light lamps (Levenick and Leighton, 1988) , and light-emitting diodes (LEDs; Pan et al., 2015; Yang et al., 2016a; Yang et al., 2016b) . Among those sources, the LED has a long life, specific wavelength, and adjustable intensity. Such advantages make the LED perfect for supporting poultry growth in a controlled environment.
Therefore, many poultry producers have switched from incandescent to LED light devices. Rozenboim et al. (1999) demonstrated that 560 nm and 480 nm LED light stimulates broiler chicken body weight. Yang et al. (2016a) recommended using 580 nm LED light to enhance body weight of broiler chickens. Sadrzadeh et al. (2013) reported that red LED light promoted no increase in body weight and that green LED light suppressed it. However, there are still several gaps concerning monochromatic LED light and broiler chicken growth. Results that have been separately published do not provide scientific basis for quantifying the response of broiler chickens.
Meta-analysis is a statistical procedure combining the results of independent studies (Lipsey and Wilson, 2001 ) and can provide a more precise overall estimate of experimental results. Increasing evidence in agricultural production (Challinor et al., 2014; Pittelkow et al., 2015) and poultry production (Remus et al., 2014; Faridi et al., 2015) has confirmed that meta-analysis is a powerful tool to quantify information. Therefore, the present study was conducted to quantify the effects of monochromatic LED light on the production performance, breast muscle meat quality, and nutrition of broiler chickens. Second, we investigated the interaction between monochromatic LED light and covariant factors, including genetic strain and sex of broiler chickens, light intensity and regime of LED, environmental temperature, and diet composition. Third, based on the results of meta-analysis of monochromatic LED light, we further investigated the effect of the combination and mixture of monochromatic LED light on the performance of broiler chickens.
MATERIALS AND METHODS

Literature Search Strategy
A simple search strategy, implemented in May 2017, was conducted in Scopus (www.scopus.com/; 1998 , and Web of Science (http://webofknowledge. com/WOS; 1998 to 2017). The algorithm included three broad outcome: Light * OR LED * OR Light-emitting Diodes * , and four broad terms: Chick * OR Chicken * OR Poultry * OR Broiler * OR Gallus * . The light sources were confined to monochromatic LED light, combined LED light which indicated birds were transferred from one monochromatic LED light to another during the growth period, and mixed LED light which was fabricated by two different monochromatic LED lights.
Eligibility Criteria and Article Selection
The assessment of which publications were eligible for inclusion in the meta-analysis was conducted independently by two evaluators. The selection of which articles which were included or excluded in the present study was based a series of criteria developed by our authors. We used LED lights as treatments and white light as the control group. The LED lights included monochromatic blue LED light (455 to 495 nm; Blue), monochromatic green LED light (515 to 560 nm; Green), monochromatic yellow LED light (585 to 600 nm; Yellow), monochromatic red LED light (615 to 660 nm; Red), Green-Blue combined LED light (G-B combination), Blue-Green combined LED light (B-G combination), and Green × Blue mixed LED light (G × B mixture). The selected articles contained the wavelength of each LED light source. The experiments were limited to rapidly growing broiler chickens. Also, the selected articles needed sufficient data to determine the "effect size" for production parameters (e.g., the number of birds in each treatment and control group, body weight [BW] , and feed conversion ratio [FCR] ); a measure of variance (SE or SD) or P-value for each effect estimate. The "effect size" is the weighted difference between treatment and control groups means using the standard deviations and bird numbers of control and treatment groups. We only selected peer-reviewed publications (Halevy et al., 1998; Rozenboim et al., 1999 Rozenboim et al., , 2004 Cao et al., 2008 Cao et al., , 2012 Karakaya et al., 2009; Ke et al., 2011; Kim et al., 2013a, b; Hassan et al., 2013; Mendes et al., 2013; Sultana et al., 2013; Hassan et al., 2014; Guevara et al., 2015; Seo et al., 2015) which investigated the effects of monochromatic LED, combined, and mixed light on the responses of broiler chickens (n = 7,278 observations; Figure 1 ).
Data Collection
The extracted data included LED wavelength, genetic strain, light source of the control group, light intensity, photoperiod, rearing temperature and dietary composition, number of broiler chickens in control, and treatment groups, BW (g), FCR (g intake/g gain), muscle per cent (MP; %), meat quality of pH, cook loss (CL; %), water-holding capacity (WHC; %), shear force (SF; kg/cm 2 ), meat color (L * , a * , and b * ), and breast protein content (BPC; %) and breast fat content (BFC; %), measures of variance of responses (SE or SD), and P-values. In cases where data were presented only in figures, values were extracted using Plot Digitizer (http://plotdigitizer.sourceforge.net/).
Statistical Analysis
Data extracted from included papers were exported into MS Excel 2013 spreadsheets and formatted for meta-analysis. Many articles reported multiple treatment-control comparisons, which were extracted as unique trials for meta-analysis. Stata was used (version 12; StataCorp, College Station, TX) to analyze performance outcomes by weighted mean difference (WMD), which is also called effect size analysis, in which the difference between treatment and control groups means was weighted using the standard deviations of control and treatment groups (1).
in which X t and X c represent means for the treatment group (monochromatic LED light) and the control group (white light), respectively, and ω represents a weighting factor estimated by formula (2):
where ν is the variance. By giving greater weight (ω) to studies whose estimates have greater precision (lower ν), the precision of the pooled estimate and the statistical power are increased. The variance (ν) is calculated by formula (3): Figure 1 . The procedure of the meta-analysis performed in the present study, including identification, eligibility, data collection, and statistical analysis.
Mono-LED light: monochromatic blue, green, yellow, and red LED light; Combined LED light: birds were transferred from one monochromatic LED light to another one during the growth period; mixed LED light: fabricated by two different monochromatic LED light. body weight (BW; g), feed conversion ratio (FCR; g/g) BW (g), FCR (g/g), muscle per cent (MP; %), meat quality of pH, cook loss (CL; %), water-holding capacity (WHC; %), shear force (SF; kg/cm 2 ), meat color (L * , a * , and b * ), and breast protein content (BPC; %) and breast fat content (BFC; %). Wavelength: the wavelength of LED used in the selected articles; Control: control group; Strain: genetic strain; Sex: sex of broiler chickens; Intensity: light intensity of the LED light; Regime: light regime of the LED light; Temp: environmental temperature during growing period; ME: metabolizable energy of diet; CP: crude protein of diet.
where SD t and SD c are the SD for the treatment group and the control group, respectively, and n t and n c are the sample sizes for the treatment group and the control group, respectively.
If the selected articles reported separate estimates of measure of variance (SE or SD) for each group, these were recorded as such. If the selected literature reported a common SE or SD, the estimate was used for both control and treatment groups.
Based on the assumption that significant heterogeneity existed among the experiments, random-effects models were conducted for each performance outcome to estimate the effect size, 95% CI, and statistical significance of WMD. A positive value of WMD indicates that the treatment group provides a greater value than the control group. The pooled effect size was considered significantly if it's associated 95% CI (upper and lower 95% CI) did not overlap with zero and randomization tests yielded P-values <0.05.
Meta-regression is applied to test whether evidence exists for different effects in different subgroups of trials using the individual WMD for each experiment as the indicator and the associated SE as the measure of variance. (Knapp and Hartung, 2003) . The random effects meta-regression with one covariate and additional between trial variance is given by the following equations, which is the regression of WMD on wavelength with weight ω = 1/v (Thomas and Emery, 1969) :
where WMD is the performance parameters of broilers, wavelength is the value of trial-specific covariate, v is the variance of effect size within trial, β (slope) represents the change in the performance parameters of broilers per unit of change in the covariate wavelength, and α is intercept (i.e., α = 0; WMD -wavelength), N is the performance parameter of broilers if the covariate i equal to zero. Meta-regression analysis was conducted using LED wavelength as covariate and the BW as the parameter of interest. Data were screened for plausible linear relationships between differences in LED wavelength between the treatment and control group and the BW. The effects of monochromatic, combined, and mixed LED light on performance of broiler chickens are displayed in forest plots, using the estimated WMD of products. Points to the left of the line represent a reduction in the parameter, whereas points to the right of the line indicate an increase in the parameter. Each square represents the mean effect size for that study. The upper and lower limits of the line connected to the square represent the upper and lower 95% CI for the effect size. For ease of interpretation, all WMD were transformed and reported as percentage change in performance parameters for the monochromatic, combined, and mixed LED light group relative to the control group.
RESULTS
The Effect of Monochromatic LED Light on BW of Broiler Chickens
Wavelength When averaged across all studies, the BW was increased by 6.29% (95% CI 5.58 to 6.99; P < 0.001) in broiler chickens stimulated with monochromatic LED light in comparison with those stimulated with white light (Figure 2 ).
Further analysis indicated that among various monochromatic LED lights, broiler chickens stimulated with monochromatic 455 to 495 nm blue (Blue), 515 to 560 nm green (Green), and 585 to 600 nm yellow LED light (Yellow) significantly increased BW by 10.66% (95% CI 8.79 to 12.53; P < 0.001), 6.27% (95% CI 4.81 to 7.73; P < 0.001), and 4.18% (95% CI 2.53 to 5.85; P < 0.001), respectively, whereas broiler chickens stimulated with 615 to 660 nm red LED light (Red) showed no significant difference in BW (−0.17%; 95% CI −1.48 to 1.13; P = 0.793; Figure 3 ). Moreover, meta-regression showed a significant negative linear regression of BW change percentage on 455 to 660 nm wavelength (P = 0.002; Figure 4) , with a decrease of about 4.9% BW for each 100 nm increase in wavelength. The regression expression was BW change = −0.0489 × wavelength + 32.808. The critical wavelength was at 600 nm, which suggests that shorter wavelengths (<600 nm) promoted the growth of broiler chickens (BW: 4.18% to 10.66%; R 2 = 0.5449; P < 0.001; Figure 5 . Forest plots of BW for the subgroup analysis of the effect of light intensity, photoperiod, and temperature, diet composition (ME and CP) on the BW of broiler chickens. ≥23 L: 23 h light/1 h dark or 24 h light/0 h dark; ≤18 L: 18 h light/6 h dark or 16 h light/8 h dark. Data are expressed as means ± 95% confidence interval (CI).
* P < 0.05. Figure 3 ), whereas longer wavelengths (>600 nm) had no impact on the growth of broiler chickens (BW: −0.17%; 95% CI −1.48 to 1.13; P = 0.793; Figure 3 ). Control Lights Either in contrast with incandescent light, fluorescent light, or white LED light, monochromatic LED light showed a statistically significant effect on BW of broiler chickens (P < 0.05). Among the incandescent light, fluorescent light, and white LED light, the white LED light produced the greatest positive response in BW (8.84%; 95% CI 2.22 to 15.47; P = 0.009), whereas fluorescent light produced the lowest positive response in BW (3.63%; 95% CI 2.77 to 4.49; P < 0.001) compared with monochromatic LED light (Figure 3) .
Genetic Strain In addition, regardless of the broiler genetic strain, monochromatic LED light had a significant effect on the BW of the broiler chickens (P < 0.05; Figure 3 ). All strains used in the studies showed a significant difference in BW. The BW of the "Anak", "Arbor Acres", "XX", and "Ross" increased by 3.51% (95% CI 2.21 to 5.11; P < 0.001), 8.84% (95% CI 2.22 to 15.47; P = 0.009), 3.81 (95% CI 3.21 to 4.49; P < 0.001), and 7.89% (95% CI 5.40 to 10.39; P < 0.001), respectively.
Sex Monochromatic LED light showed a statistically significant effect on BW of male, female, and mixed sex broiler chickens (P < 0.05; Figure 3 ). For male broilers, monochromatic LED light increase BW 9.54% (95% CI 5.10 to 13.98; P < 0.001). For female broilers, monochromatic LED light increase BW 2.21% (95% CI 1.82 to 2.608; P < 0.001). For mixed sex broilers, monochromatic LED light increase BW 3.82% (95% CI 1.86 to 5.77; P < 0.001).
Environmental Conditions and Diet Nutrition As shown in Figure 5 , monochromatic LED light with an intensity of 0.1 W/m 2 increased BW by 7.29% (95% CI 5.50 to 9.07; P < 0.001), 10 lux could increase BW by 6.15% (95% CI 3.53 to 8.77; P < 0.001), and 15 lux increase BW by 7.53% (95% CI 4.20 to 10.86; P < 0.001). However, monochromatic LED light with an intensity of 45 lux showed no statistical stimulation of BW of broiler chickens (0.51%; 95% CI −0.02 to 1.05; P = 0.062). For light regime, monochromatic LED light with both continuous lighting (≥23 L) and restricted lighting (≤18 L) promoted BW of broiler chickens by 5.8% (95% CI 4.94 to 6.23; P < 0.001) and 4.94% (95% CI 2.13 to 7.75; P < 0.001), compared with white light. The subgroup analyses of temperature indicated that monochromatic LED light had a significant effect on BW of broiler chickens either at 22
• C or 24
• C temperature during the growing-out period (22
• C: 7.31% [95% CI 6.04 to 8.57; P < 0.001]; 24
• C: 7.80% [95% CI 4.47 to 11.12; P < 0.001]).
Monochromatic LED light produced a similar increase in BW of broiler chickens fed with diet of higher ME (>3,100 kcal: 3.80%; 95% CI 1.86 to 5.77; P < 0.001) and normal ME (3,100 kcal: 4.09%; 95% CI 3.14 to 5.04; P < 0.001). However, monochromatic LED light produced a greater increase in BW of broiler chickens fed with diet of higher CP (>175 g/kg: 7.61%; 95% CI 3.10 to 12.11; P < 0.001), whereas a lower increase in BW resulted from diet of normal CP (175 g/kg: 4.09%; 95% CI 3.14 to 5.04; P < 0.001).
In addition, the meta-analysis indicated that monochromatic LED light had no effect on MP (1.08%; 95% CI −0.71 to 2.89; P = 0.235; Figure 2) , regardless of the wavelength of the LED light.
The Effect of Monochromatic LED Light on FCR of Broiler Chickens
Wavelength The average FCR of broiler chickens stimulated with monochromatic LED light was significantly decreased by −2.68% (95% CI −3.42 to −1.95; P < 0.001) in comparison with those stimulated with white light (Figure 2 ). Further analysis indicated that the FCR decrease in broiler chickens varied with the wavelength of the monochromatic LED light. The FCR of broiler chickens stimulated with 455 to 495 nm (Blue) and 585 to 600 nm (Yellow) LED light were significantly decreased by −4.47% (95% CI −5.46 to −3.48; P < 0.001) and −3.06% (95% CI −3.57 to −2.04; P < 0.001), respectively, whereas broiler chickens stimulated with 515 to 560 nm (Green) (−0.49%; 95% CI −1.48 to 0.49; P = 0.314) and 515 to 660 nm (Red) LED light (−2.16%; 95% CI −8.80 to 4.40; P = 0.524) showed no significant difference in FCR (Figure 6 ).
Control Lights The effect sizes of the FCR response to monochromatic LED light (455 to 660 nm) were dependent on the light source used in the control group. Among the incandescent light, fluorescent light, and white LED light, the white LED light produced a significant negative response in FCR (−11.72%; 95% 
Genetic Strain
In addition, the effect sizes of the FCR response to monochromatic LED light were also dependent on the broiler genetic strain used in the studies. All strains used in the studies showed a significant difference in BW. The BW of the "Anak" and "Arbor Acres" strains could be decreased by −4.10 (95% CI −5.12 to −2.80; P < 0.001) and −11.72% (95% CI −20.96 to −2.33; P = 0.013), respectively, whereas no significant effects were observed for the "XX" (−2.70%; 95% CI −6.96 to 12.61; P = 0.589) and "Ross" (−0.77%; 95% CI −1.64 to 0.00; P = 0.066; Figure 6 ) strains.
Sex The effect sizes of the FCR response to monochromatic LED light were dependent on the sex broiler chickens. For male broilers, monochromatic LED light could decrease FCR by −4.70% (95% CI −5.61 to -3.74; P < 0.001). For female broilers, monochromatic LED light could decrease FCR by −1.75% (95% CI −2.35 to −1.15; P < 0.001). However, for mixed sex broilers, monochromatic LED light showed no effect on the FCR of the broiler chickens (2.70%; 95% CI −7.09 to 12.52; P = 0.589). Figure 7 , the subgroup analyses of light. intensity indicated that monochromatic LED light had a similar effect on FCR of broiler chickens exposed to 0. • C-treated broilers (0.32%; 95% CI −7.17 to 7.85; P = 0.933). As shown in Figure 5 , the effect of monochromatic LED light on FCR had no statistical correlation with ME and CP of diet.
Environmental Conditions and Diet Nutrition As shown in
The Effect of Monochromatic LED Light on Breast Muscle Meat Characteristics of Broiler Chickens
Breast Muscle Meat Color Monochromatic LED light exhibited no effect on the L * value of breast meat (1.02%; 95% CI −0.61 to 2.67; P = 0.22; Figure 2) : not 455 to 495 nm (Blue) LED light (−2.33%; 95% CI −11.41 to 6.76; P = 0.617), 515 to 560 nm (Green) LED light (1.00%; 95% CI −5.36 to 7.36; P = 0.758), 585 to 600 nm (Yellow) LED light (4.22%; 95% CI −4.41 to 12.86; P = 0.495), or 615 to 660 nm (Red) LED light (2.95%; 95% CI −5.51 to 11.39; P = 0.495; Table 1 ). The same situation was also observed for the a * value (1.81%; 95% CI −1.03 to 4.25; P = 0.976; Table 1 ) and the L * value of breast meat. However, although they did not produce the same overall effects of the monochromatic LED light, yellow and red LED lights significantly increased the b * value of the breast meat (Yellow: −3.69%; 95% CI 0.65 to 6.62; Further meta-analysis indicated that 455 to 495 nm (Blue) LED light significantly decreased the CL (−14.22%; 95% CI −25.43 to −2.99; P = 0.013), WHC (−5.23%; 95% CI −9.19 to −1.34; P = 0.009), and SF (−10.70%; 95% CI −18.42 to −2.97; P = 0.007) in breast meat compared with white light (Table 1) . Further, 515 to 560 nm (Green) LED light significantly decreased the CL (−9.90%; 95% CI −14.58 to −5.15; P < 0.001) and WHC (−7.83%; 95% CI −11.50 to −4.28; P < 0.001), whereas it increased the pH value (1.69%; 95% CI 1.02 to 2.20; P < 0.001) and SF (13.96%; 95% CI 2.91 to 25.02; P = 0.014) in breast meat compared with white light. The 585 to 600 nm (Yellow) LED light had a negative effect on WHC (−6.32%; 95% CI −10.99 to −1.37; P = 0.011), whereas 615 to 660 nm (Red) LED light had a positive effect on SF (6.73%; 95% CI 0.28 to 13.18; P = 0.042) in breast meat compared with white light.
Breast Muscle Meat Nutrition No significant difference was observed in BPC of broiler chickens stimulated with monochromatic LED light (−0.87%; 95% CI −2.74 to 1.00; P = 0.357; Figure 2 ), in contrast with white light. However, 585 to 600 nm (Yellow) (−1.95%; 95% CI −3.83 to −0.09; P = 0.039) and 615 to 660 nm (Red) LED light (−2.08%; 95% CI −2.87 to −1.35; P < 0.001) caused a negative response to BPC (Table 1) . For BFC, monochromatic LED light had an overall effect on BFC (10.47%; 95% CI 0.46 to 20.48; P = 0.043; Figure 2 ). Moreover, 585 to 600 nm (Yellow) LED light produced the greatest positive response in BFC (34.13%; 95% CI 11.38 to 57.48; P = 0.003).
The Effect of Combined and Mixed LED Light on Performance of Broiler Chickens
The effect of combined and mixed LED light on BW of broiler chickens are shown in 
DISCUSSION
Due to the potential advantages of LEDs, multiple studies have been conducted to investigate the potential application of LED light in poultry husbandry. However, the quantification of the relationships between LED light and the response of broiler chickens still have not been identified. While there have been attempts to summarize the relationships between LED light and the response of broiler chickens (Halevy et al., 2006; Parvin et al., 2014a,b) , those studies were conducted under different conditions and the results are sometimes contradictory and inconclusive. Therefore, it is hard to draw general conclusions from the results. This study used a meta-analysis to model the response of the broiler chickens to monochromatic LED light. Further to quantify the effect of the combination and mixture of monochromatic LED light on the response of the broiler chickens. Final, we investigated the interactions between monochromatic LED light and covariant factors.
We hypothesize that a light spectrum with shorter wavelengths results in beneficial growth whereas that with longer wavelengths has a negative effect on growth. Our meta-analysis confirmed this hypothesis and supports previous reports by Olanrewaju et al. (2015) and Huth and Archer (2015) . Olanrewaju et al. (2015) evaluated the effects of color temperatures of LED lamps on growth performance of broiler chickens and showed that the BW gains of broiler chickens stimulated with incandescent light (2,010 K) were statistically similar G-B combination, birds from monochromatic green LED light were transferred to monochromatic blue LED light. B-G combination, birds from monochromatic blue LED light were transferred to monochromatic green LED light. G × B mixture, birds were exposed to Green × Blue mixed LED light, which was fabricated by monochromatic green and blue LED light. Data are expressed as means ± 95% confidence interval (CI).
* P < 0.05.
to those of broiler chickens stimulated with warm LED light (2,700 K), but were statistically lower than those of broiler chickens stimulated with cool LED light (5,000 K). This is possibly caused by the difference in spectrum between warm and cool LEDs. Warm cool LEDs both have two large gradual peaks, but they are not the same. Warm LED has a major peak at 630 nm (red light) and a minor peak at 460 nm (blue light).
A cool LED has a major peak at 460 nm (blue light) and a minor peak at 520 to 590 nm (green to yellow light; Olanrewaju et al., 2015) . Based on the negative relationship between light wavelength and BW change of broiler chickens found in the present study, it is conceivable that the growth promotion in broiler chickens was attributable to an increase in the blue portion of the spectrum in the cool LED. The above analysis suggests that it is possible to optimize broiler chicken growth by giving an optimal ratio of blue/green light. To confirm this hypothesis, the present study found that BW was further increased in broiler chickens transferred either from green LED light to blue LED light (G-B combination: 17.23%; P < 0.001) or from blue LED light to green LED light (B-G combination: 17.52%; P < 0.001). Broiler chickens exposed to the mixture of green and blue LED light showed a greater BW promotion (G × B mixture: 10.66%; P < 0.001) than those exposed to green LED light (Green: 6.27%). The present study found that FCR was significantly improved by 455 to 495 nm (Blue) LED light (−4.47%; P < 0.001), whereas no effect was observed for 515 to 560 nm (Green) LED light (−0.49%; P = 0.314) Table 2 . The summary of the effect of 455 to 495 nm blue LED (Blue), 515 to 560 nm green LED (Green), 585 to 600 nm yellow LED (Yellow), 615 to 660 nm red LED light (Red) on performance of broiler chickens.
1 BW = body weight; FCR = feed conversion ratio; MP = muscle percent; CL = cook loss; WHC = water-holding capacity; SF = shear force; BPC = breast protein content. compared with white light. Moreover, further analysis indicated that FCR was further improved in broiler chickens transferred either from green LED light to blue LED light (G-B combination: −9.61%; P < 0.001) or from blue LED light to green LED light (B-G combination: −11.70%; P < 0.001). Broiler chickens exposed to a mixture of green and blue LED light showed a similar FCR promotion (G × B mixture: −4.00%; P < 0.001) with those exposed to blue LED light (Blue: −4.47%). Previous behavior tests suggested that red-or white light-treated broiler chickens expressed more aggressive activity (Prayitno et al., 1997) and that blue light-treated broiler chickens were calmer than those treated by white light (Rodenboog, 2001) . The blue light also has been found to decrease cortisol concentrations in serum compared to white light, suggesting blue light alleviates the stress response in broiler chickens . The decreased stress in broiler chickens (Abdo et al., 2017) caused by blue light might use less energy in response to stressors, which decreased the "waste energy" and might increase the amount of energy for growth stimulation. Taken together, the results of the behavior and stress tests might explain the better FCR in broiler chickens stimulated with blue light.
This meta-analysis based on published data quantitatively identified the response of the broiler chickens to monochromatic, combined, and mixed LED light. Subgroup analysis indicated that BW responses to monochromatic LED light were statistically significant regardless of the genetic strain and sex of broiler chickens, control light sources, light intensity and regime of LED light, environmental temperature, and dietary ME and CP. However, FCR responses to monochromatic LED light interacted with the genetic strain and sex of broiler chickens, control light sources, light intensity and regime of LED light, environmental temperature, and dietary ME and CP. Monochromatic blue LED light promoted better performance of the main production performance (BW and FCR) of broiler chickens compared with white light. The combination and mixture of the monochromatic blue and green LED light could further improve the production performance of broiler chickens. Monochromatic green and yellow LED light played a role in affecting the meat color quality and nutrition of broiler chickens ( Table 2 ). The further study should be designed to optimize broiler production by the optimal ratio of green × blue of mixed LED light or a shift to green-blue combined LED light, whereas optimize the meat quality and nutrition by the optimal ratio of green/yellow of mixed or combined LED light.
